In this work, a novel micromachined monolithic triaxis gyroscope with an advanced anchor mechanism is designed and its structural characteristics are analyzed. Micromachined gyroscopes are usually packed in small packages, causing a high squeeze film damping effect that reduces the quality factor of out-of-plane vibration, resulting in lowered out-of-plane sensitivity. The proposed gyroscope has a four-mass single structure wherein the opposing masses vibrate in the opposite direction perpendicular to the direction they face, with the help of 'tree-shaped' coupling springs. The simulated driving and x-, y-, and z-axis sensing resonant frequencies are 19946, 20227, 20294, and 20361 Hz, respectively. Also, the prototype of the gyroscope was fabricated and tested. It showed a driving Q-factor of 106 and a scale factor of 7 mV/deg/s.
Introduction
As a result of the notable development of MEMS technologies over decades, micromachined inertial sensors are widely used because of their advantages in many applications over conventional bulk sensors, such as low cost, small size, and mass-producible fabrication. (1, 2) Most micromachined gyroscopes are vibratory ones that sense angular rotation by utilizing the Coriolis effect between the drive and sense modes. Early research usually focused on single-or two-axis gyroscopes.
(1) However, since most of today's user application devices have become compact and small, the sensors must also be accordingly small. The main approach to miniaturizing the sensor is to measure the angular rate of multiple axes with a sensor. There have been two different approaches to measuring three axes of the applied angular rate. (3) One is to assemble three single-axis gyroscopes orthogonally, but the difficulty in orthogonal assembly could cause misalignment that leads to reduced performance, increased packaging cost, and need for additional compensation control. The other approach is a single-structure triaxis gyroscope. Despite its complex design requirements, it has many advantages over assembling multiple devices, such as integration cost, size reduction, and power consumption. Reported single-structure triaxis gyroscopes include tuning fork gyroscopes (TFGs) and vibratory wheel gyroscopes. STMicroelectronics reported a gyroscope with four connected proof masses that vibrate inward and outward together, two out-of-plane motions, and one in-plane motion that senses triaxis angular rate. The design and simulation of a vibratory wheel gyroscope were reported by Tsai and Fang, (4) and later by Xia et al. (5) One wheel-shaped proof mass vibrates along the z-axis, and the in-plane element senses the z-axis rate, while the x-and y-axis rates are sensed by out-of-plane tilting.
One of the key issues of a micromachined triaxis monolithic gyroscope is cross-axis coupling. After decoupling structures between the drive and sense modes were reported, (6, 7) decoupling structures have become a must for micromachined gyroscopes. Since a singlemass triaxial gyroscope should have the degrees of freedom of multiple axes on one mass, a decoupling structure has been proposed by Sonmezoglu et al. as a way to avoid interference between the axes. (8) The cross-axis coupling of a vibrating gyroscope can be roughly classified into two types. One is the interference between the drive and sense modes, or quadrature error, and the other is interference among the sense modes that occurs during angular rate detection, or cross-axis error.
In this paper, a novel micromachined triaxis vibratory gyroscope is proposed. A novel coupling structure that reduces stress and transfers vibration orthogonally between proof masses is presented. The decoupling structure placed between the drive and sense modes is shown to successfully suppress coupling.
Working Principle
The designed triaxis gyroscope structure is based on four connected masses with four degrees of freedom for three-axis angular rate sensing and has dimensions of 1700 × 1700 × 25 μm 3 as shown in Fig. 1 . Four suspended masses, coupled by a 'tree-shaped' coupling spring, are actuated by comb drive electrodes and vibrate in antisymmetric motion, which resembles a vibrating wheel but with a linear displacement of proof masses. The opposing masses, unlike in the tuning fork type, do not move towards each other but vibrate in antiphase and antiparallel directions. (9) 3. Structural Design
Resonant frequencies
The resonant frequency of each mode is designed to have a small separation. Because the structure has a single mass, the sensor may malfunction owing to unwanted vibrations or erroneous output may occur if the resonant frequencies of all the vibration modes are matched. Also, the loosely matched mode is less sensitive to variations in Q factor and thus is more robust to error factors, such as temperature variations and fabrication errors. The resonant frequencies of the gyroscope are simulated using COMSOL Multiphysics and shown in Fig. 2 . The resonant frequency differences between the modes are about 0.5%.
Decoupling in drive mode
The drive mode excitation electrode structures are designed to be decoupled from the main proof masses to transmit only the movement in the drive direction. This driving mechanism leads to a loss in the driving amplitude of SY masses, about 8.1% according to the COMSOL simulation. However, other advantages include reduced parasitic levitation effects of driving electrodes (10) and cross-axis coupling with out-of-plane vibration modes. The out-of-plane vibration of the z-axis sensing electrode is reduced by 76.5% compared with the case without the decoupling structure, as shown in Fig. 3(b) .
Tree-shaped proof mass coupling springs
The drive mode requires that all four masses have linear motion in the direction perpendicular to the adjacent mass. Since the driving force is directly applied to only two of the four masses, the driving force is transmitted to the remaining two through the coupling structure. This operation is realized through the unique tree-shaped mass connection spring located in the corner. Table 1 shows that this tree-shaped spring offers up to 76%-reduced off-axis displacement when driving, compared with linear, square, and circular coupling springs. The values were from the frequency response results when the driving displacements are equal to 1 μm. All the coupling spring shapes are designed to fit in the 170 × 170 μm 2 area. The beam width and thickness are 5 and 25 μm, respectively. Moreover, von Mises stress acting on the coupling spring is also greatly reduced by up to 93%. Through comparison with the other shapes, the role of each part of the tree-shaped spring can be predicted. The linear parts of the spring remain strong to aid in better transmission of vibration, while the rounded part deforms to reduce the stress on the spring and keeps the movements orthogonal to each other.
Since the driving force acts mainly on the SY masses and the motion is transmitted to the other masses via the tree-shaped coupling spring, a certain amount of structural loss inevitably occurs and the driving displacement of SX masses is reduced. The difference in displacement is about 7.6%, but this difference can be compensated by loosely matching the resonant frequencies. The vibration frequency of the sense mode is equal to that of the drive mode. Therefore, when the modes are closely matched, the sense mode displacement will be greatly affected by Q-factor and vibration frequency differences. However, the closer the resonant frequency of the sense mode is from the resonant frequency of the drive mode, the larger the sensing displacement becomes.
The x-axis sense-mode resonant frequency is related to the SX mass having a relatively small driving displacement. As shown in Fig. 4 , by setting the x-axis sense-mode resonant frequency closer to the drive-mode resonant frequency, it is possible to reduce the sense mode sensitivity difference from 7.3 to 0.7% despite the Coriolis force difference due to different driving displacements.
Advantages of driving motion
Intuitively, masses moving toward and away from each other should force nearby gas to contract and expand, resulting in squeeze film damping. However, the driving motion of the proposed gyroscope has advantages over the TFG-like motion in damping. When all four masses vibrate along the in-plane direction, the relative distance between masses is kept almost constant; it could dramatically reduce squeeze film damping and its nonlinear effects compared with when masses vibrate face-to-face. (11, 12) Fig. 4 . Simulated displacements of out-of-plane sense modes with 1 deg/s applied angular rate.
Results and Discussion

Experimental setup
To confirm the simulation results, a MEMS gyroscope with the same structure as our design was fabricated and tested with an analog circuit. The fabrication process and circuit diagrams are shown in Figs. 5 and 6 , respectively. (13, 14) The gyroscope and circuit were tested with a rate table (1270VS-230, Ideal Aerosmith, USA) and the output data were obtained with a LabVIEW data acquisition system (PCIe-6363, NI, USA).
Characteristics of gyroscope
The resonant frequencies were measured at 22039, 22727, 22831, and 17241 kHz for the drive mode and the x-, y-, and z-axis sense modes, respectively, and the drive mode Q-factor was measured to be 106, as shown in Fig. 7 . Considering that the Q-factor is low and all resonant frequencies are higher than the designed value, it is considered to be the influence of the film damping of the air inside the structure owing to vacuum loss in the device. The resonant frequency of the z-axis differed greatly from those of the other axes. This low resonant frequency is highly likely the in-phase tuning-fork vibration. Because the z-axis sensing electrode structure is a gap variable capacitor with a parallel-plate structure, the influence of the damping on the z-axis sensing structure is greatly changed to affect the vibration motion. In addition, the parasitic capacitances of the z-axis differential sensing structures varied 1.5 times between each other that the differential sensing was nearly impossible. However, the device performance of the other two axes can be measured because the loosely matched design is robust to the Q-factor changes.
Performance of gyroscope
The angular rate output of the gyroscope was measured from −100 to +100 deg/s with the rate table. The scale factor was measured to be about 7.55 and 6.88 mV/deg/s for the x-and y-axes, respectively (Fig. 8) . The z-axis sensitivity could not be measured due to the differential sensing incompatibility. The x-and y-axes were compared using the same circuit, and the sensitivity of the x-axis was measured to be slightly higher, different from what is predicted by the simulation. This is because the resonant frequencies of the actual device are farther away from each other than in the design, such that the influence of the drive displacement itself is greater than that of the resonant frequency difference.
Conclusions
We proposed a novel triaxis MEMS vibrating gyroscope. The structure was designed to reduce film damping and cross-axis error. By connecting the proof masses using a unique treeshaped coupling spring, the proof mass vibrated linearly and the driving force was transmitted effectively. A decoupling structure for minimizing cross-axis error was also presented, and it could greatly reduce errors because of the precise parameter design. Thereafter, a prototype of the designed gyroscope was fabricated and evaluated. We successfully investigated the sensitivities of the x-and y-axes, and confirmed that such a prototype can be used as a gyroscope. However, the whole three-axis performance was not measured owing to the vacuum loss in the fabrication process and the parasitic capacitance of sensing electrodes, and this remains as future work.
